The synthesis and structure of chelating amido-NHC and amido-bis(NHC) complexes of Pd and Pt are described, including the first [CNC]Pt complexes and the first Pd arylamido-NHC complex.
inert Pt analogue 11 was unreactive under the same conditions. Solid-state structures of the complexes 7a, 7b, 9a, 10, 11 and 12 have been determined by single crystal X-ray diffraction.
Introduction
Bifunctional catalysis, in which an electrophilic metal and a nucleophilic ligand act in concert to activate a substrate, enables reactions to take place that are not possible using classical catalytic transformations that occur only at the metal centre. [1] [2] [3] Wide-ranging applications have been found for bifunctional catalysis, many in asymmetric synthesis, including hydrogenation under H 2 , 4 transfer hydrogenation, 5, 6 isomerisation of allylic alcohols, 7 alkene hydroamination, 8 hydrosilylation, 9 Michael addition, 10 C-H activation [11] [12] [13] [14] [15] and lactide polymerisation. 16 The most studied of these reactions is the asymmetric transfer hydrogenation between alcohols and carbonyl compounds, catalysed by half-sandwich complexes of Ru, Ir or Rh with a chiral diamine ligand such as N-tosyl-1,2-diphenylethylenediamine. The key steps in the catalytic cycle occur after deprotonation of the primary amine group to give a metal amido complex:
subsequent transfer hydrogenation from i-PrOH to the M-N bond gives a metal amine-hydride complex that transfers an acidic and a basic hydrogen to the carbonyl substrate. 17 Crucially, the chelating amine ligand makes the catalyst more resistant to undesirable M-N bond cleavage. 18 Other chelating groups such as aryl, 19 phosphine [20] [21] [22] and thiol/thioether 23 have also been used to tether the reactive nitrogen to the metal in transfer hydrogenation. However, the application of N-heterocyclic carbene (NHC) donor groups to tether a nucleophilic amido ligand to an electrophilic metal in bifunctional catalysis has yet to be fully exploited, 24, 25 and even simple coordination chemistry of multidentate amido-NHC ligands is under-explored. Of note, tridentate bis(amido)-NHC [NCN] pincer complexes of zirconium and hafnium have been reported, 26, 27 and amido-bis(NHC) [CNC] and amido-NHC [C,N] complexes of some early and late transition metals are also known. [28] [29] [30] [31] [32] [33] [34] [35] Most closely related to this work, Douthwaite has described the palladium [CNC] complex A and, during the course of our research, Luo has reported the Pd complexes (B). 36, 37 Fig . 1 The synthesis of the amine bis(imidazolium) pro-ligands proceeded with a palladium catalysed amination of 2-bromoiodobenzene to give bis(2-bromophenyl)amine (1) using a procedure adapted from the literature (Scheme 1). 38 A copper catalysed Ullman-type reaction 39 of imidazole with 1 gave the coupled product 2 in 90% yield. Subsequent alkylation of 2 with ipropyliodide or n-butyliodide gave the imidazolium iodide salts 3a and 3b in 89 and 93% yields respectively. As expected, the alkylation reaction proceeded faster for the primary alkyl halide than the secondary alkyl halide. Hence, the pro-ligands 3a and 3b were prepared in three steps in 74-78% yield from commercially available materials.
Scheme 1.
The same methodology was also applied to prepare an analogous pro-ligand containing only one imidazolium moiety: starting instead from N-(2-bromophenyl)-2,6-diisopropylaniline (4), 40 the Ullman-type cross coupling with imidazole gave intermediate 5 and subsequent alkylation with i-propyl iodide gave the imidazolium pro-ligand 6 (Scheme 2).
Scheme 2.
A common method for the coordination of N-heterocyclic carbene ligands to transition metals is to prepare the silver(I) NHC complex from the reaction of an imidazolium salt and Ag 2 O; subsequent transmetallation then gives the required metal-NHC complex. 41, 42 Douthwaite et al. have shown that this is a viable route to the complex A. 36 However, treating our more rigid proligands 3a or 3b with Ag 2 O in DCM at room temperature gave an intractable mixture of products. Performing the reaction in refluxing THF also gave an unidentifiable mixture, as did including Pd(OAc) 2 could not be isolated. 37 Presumably, a silver(I) NHC complex was generated in situ., and subsequent transmetallation to Pd was successful. For our ligands, however, this strategy also proved to be unsuccessful.
Luo reported that the preparation of [CNC] pincer complexes of palladium B by deprotonation of the amine bis(imidazolium) ligand with an organometallic or amide base were unsuccessful. 37 In contrast, we found that treating a DME solution of 3a or 3b with 3 equivalents of potassium hexamethyldisilazide (KHMDS) at 0 °C in the presence of Pd(OAc) 2 gave, after work-up and purification by column chromatography, the complexes [CNC-i-Pr]Pd-I (7a) and [CNC-n-Bu]Pd-I (7b) in 33 and 42% yields respectively, Scheme 3. These moderate yields do not appear to arise from the purification procedure: the 1 H NMR spectrum recorded for the crude product showed several other species that could not be identified and repeating the column chromatography gave complete recovery of analytically pure material. Using PdCl 2 (COD) in the reaction instead of Pd(OAc) 2 The Pd-N bond lengths in the two complexes 7a and 7b are typical for a Pd(II)-amide bond and the Pd-C bond lengths are also typical for two trans NHC ligands bound to square planar palladium. 47 These bond lengths do not differ significantly from those reported for the complexes B by Luo. 37 There is a large angle (7a: 81. We found that the coordination chemistry could be extended from palladium to platinum.
Hence, reacting the imidazolium salts 3a or 3b with PtCl 2 (COD) and 3 equivalents of KHMDS gave the analogous platinum pincer complexes [CNC-i-Pr]Pt-I (8a) or [CNC-n-Bu]Pt-I (8b), although the yields were poor, Scheme 3. As for 7a and 7b, iodide rather than chloride occupies the fourth coordination site, as confirmed for both complexes by mass spectrometry and microanalysis. Coordination of the tridentate pincer ligand to platinum gave similar NMR spectra to the Pd complexes: in particular, the 13 C NMR spectrum recorded contained characteristic singlets at 162.5 ppm (8a) and 164.0 ppm (8b) corresponding to the carbene.
Moreover, for 8a the apparent septet corresponding to the i-Pr CH was shifted downfield to 6.38 ppm, indicating that a H-bonding interaction with the iodide ligand is also present in the Pt complex. Therefore, although we have thus far been unable to grow crystals of 8a or 8b suitable for X-ray crystallography, the data we have obtained indicates that the complexes have a very similar structure to those of their palladium analogues. Figure 4 and selected bond lengths are shown in Table 1 . Unfortunately the crystal was weakly diffracting and hence the data is weak; the crystal also contained disordered dichloromethane. Despite this, it is possible to discuss the prominent structural features of 9a. The geometry around Pd is square planar, There are no significant differences between the metal amide and metal carbene bond lengths in the iodide complex 7a or the cation 9a. Our attempts to isolate an analytically pure sample of 9a on a larger scale were unsuccessful as it was not possible to completely separate 9a from pyridine. The solid-state structures of both 10 and 11 were determined by single crystal X-ray diffraction (Figures 5 and 6; selected bond lengths are given in Table 2 ). The structure of 10 is very similar to the structures of trans-(NHC)PdI 2 py complexes that have been reported previously. [50] [51] [52] [53] The NHC-amine ligand in both complexes is only bound to the metal through the carbene; the amine nitrogen is not coordinated. The inner coordination sphere is completed by two trans iodide ligands and a pyridine ligand. In 10, the bond lengths and angles around the square planar Pd are extremely similar for the two independent molecules found in the unit cell, despite the two molecules having very different angles between the mean plane of the NHC and pyridine ring (14.9 and 40.2 °). The Pd-C bond lengths (1.957 (7) and 1.981 (7) ), alcohol and ether groups 51, 53 have also been reported previously, but, to the best of our knowledge, 10 is the first amine functionalised complex of this type. Furthermore, the nucleophilic substitution reactions of alkyl or benzyl halides used to prepare the functionalised NHC ligands in these previously reported complexes contrasts with the cross-coupling strategy used to synthesise the pro-ligand 6, which enables efficient access to aryl substituted NHC ligands with the functional group (amine) also bound to the aromatic ring. Platinum analogues of these Pd catalysts have been reported, 54 but these are much less common.
We first attempted to deprotonate the amine group in 10 to yield an amido-NHC complex using KHMDS as the base. Surprisingly, the novel dimeric amido complex {[C,N]Pd(µ-OH)} 2 (12) was the only compound that could be isolated from this reaction. Presumably the hydroxide ligand was produced from adventitious moisture, but the reaction showed poor reproducibility, even when an excess of water was added to a rigorously dry reaction mixture. Alternatively, 12
could be isolated in good yield by stirring a solution of 10 in 1,4-dioxane with aq. KOH, Scheme 4. The IR spectrum recorded for 12 contains a weak resonance at 3601 cm -1 that is consistent with the bridging hydroxide ligand.
The solid-state structure of 12 was determined by single crystal X-ray diffraction ( Fig. 7; selected bond lengths are given in Table 2 ). Two crystallographically equivalent monomer units make up the dimer in 12, with a non-bonding Pd (1) Palladium complexes of a bidentate amido-NHC ligand have been reported for an amido donor that is derived from deprotonation of an N-acyl group. 50 However, to the best of our knowledge, compound 12 is the first reported Pd complex of either an arylamido or alkylamido functionalised NHC ligand.
We attempted to prepare the platinum analogue of 12 by also treating a solution of 11 in 1,4-dioxane with aqueous KOH at 40 °C, but 11 was unreactive under these conditions. This observation is consistent with a mechanism where hydroxide reacts at the metal first and follows the common trend that ligand substitution reactions are slower for Pt than Pd. [70] [71] [72] Increasing the temperature of the reaction to 60 °C gave complete conversion of 11 to a mixture of products, but we were unable to isolate a pure compound from this reaction.
Conclusions
We have prepared precursors to bidentate amido-NHC [C,N] and tridentate amido-bis(NHC)
[CNC] ligands in high yield using an efficient sequence of two cross-coupling reactions and an alkylation. Different strategies were required to coordinate these ligands to Pd and Pt. (12) , the first reported arylamido-NHC complex of palladium. Under the same conditions, the more inert Pt analogue 11 was unreactive. We are currently investigating the reactivity of these ligands and complexes with a view to applications in bifunctional catalysis.
Experimental
All manipulations were performed under dry, oxygen free nitrogen using standard Schlenk techniques unless otherwise stated. THF and toluene were dried by passing through a column of activated alumina and then degassed; DME was pre-dried over sodium and distilled from Na-benzophenone; anhydrous DMF was purchased from Sigma-Aldrich and used as supplied;
KHMDS was purchased as a solution in toluene and titrated against 4-phenylbenzylidene benzylamine. 73 Bis ( 
Bis(2-(3-butyl-1H-imidazolium)phenyl)amine diiodide (3b)
In an identical procedure to that used for 3a, 3b was prepared from n-butyl iodide (0.940 g, 
N-(2-(1H-imidazol-1-yl)phenyl)-2,6-diisopropylaniline (5)
Compound 4 (2.00 g, 6.01 mmol), imidazole (0.409 g, 6.01 mmol), Cs 2 CO 3 (3.916 g, 12.02 mmol), CuI (0.114 g, 0.601 mmol) and 8-hydroxyquinoline (0.087 g, 0.60 mmol) were suspended in DMF (10 mL) in a pre-dried sealable tube. The tube was sealed and heated at 125 °C for 72 h. The reaction mixture was then allowed to cool to room temperature and diluted with DCM (75 mL). The mixture was filtered through a pad of Celite and washed with a solution of 5% LiCl (aq.) (4 x 100 mL) and brine (100 mL). The solution was then dried (MgSO 4 ) and the volatiles removed in vacuo to give a green residue that was redissolved in DCM (30 mL 
N-(2-(3-iso-propyl-1H-imidazolium)phenyl)-2,6-diisopropylaniline iodide (6)
In a sealable tube under an atmosphere of air, i-propyl iodide (0.35 mL, 3.4 mmol) was added to a green suspension of 5 (1.00 g, 3.14 mmol) in MeCN (10 mL). The tube was sealed and heated at 90 °C for 48 h, giving a red solution. The mixture was allowed to cool to RT and filtered through Celite. The volatiles were removed in vacuo to give a brown solid that was purified by two precipitations from MeOH (5 mL) upon addition of Et 2 
Palladium bis(2-(3-iso-propylimidazolin-2-yliden-1-yl)phenyl)amide iodide, [CNC-i-Pr]PdI (7a)
A solution of Pd(OAc) 2 (0.026 g, 0.12 mmol) and the imidazolium salt 3a (0.075 g, 0.12 mmol)
in DME ( 
Palladium bis(2-(3-n-butylimidazolin-2-yliden-1-yl)phenyl)amide iodide, [CNC-n-Bu]PdI (7b)
Complex 7b was prepared in an identical procedure to that for 7a, using Pd(OAc) 2 
X-ray Crystallographic Studies
All single crystal diffraction data were collected using graphite-monochromated Mo Kα X- Disordered C 6 H 6 was omitted using the SQUEEZE option of PLATON. 76 The solvent accessible voids are 1128.7 Å 3 with an estimated 375e/cell to be added. Eight solvent C 6 H 6 molecules/unit cell accounting for 336e were included in the formula, FWt, (000) and density calculations.
Crystal data for 7b·(C 6 H 6 ). 
